There is increasing evidence for variation in rates of nucleotide substitution among divergent taxonomic groups. Here, we summarize published rate data and show a strong relationship between substitution rate and body size. For instance, rates of nuclear and mtDNA evolution are slow in whales, intermediate in primates, and fast in rodents. A similar relationship exists for poikilothermic vertebrates. However, these taxa have slower mtDNA substitution rates overall than do homeotherms ofsimilar size. A number of physiological and life history variables are highly correlated with body size. Of these, generation time and metabolic rate explain some patterns of rate heterogeneity equally well. In many cases, however, differences in metabolic rate explain important exceptions to the generation time model. Correlation between metabolic rate and nucleotide substitution may be mediated by (i) the mutagenic effects of oxygen radicals that are abundant by-products of aerobic respiration, and (it) increased rates of DNA synthesis and nucleotide replacement in organisms with higher metabolic rates. Both of these factors increase mutation rate by decreasing the "nucleotide generation time," the average length of time before a nucleotide is copied either through replication or repair. Reconsideration of the generation time hypothesis to include physiological effects such as metabolic rate improves the theoretical underpinnings of molecular evolution.
ABSTRACT
There is increasing evidence for variation in rates of nucleotide substitution among divergent taxonomic groups. Here, we summarize published rate data and show a strong relationship between substitution rate and body size. For instance, rates of nuclear and mtDNA evolution are slow in whales, intermediate in primates, and fast in rodents. A similar relationship exists for poikilothermic vertebrates. However, these taxa have slower mtDNA substitution rates overall than do homeotherms ofsimilar size. A number of physiological and life history variables are highly correlated with body size. Of these, generation time and metabolic rate explain some patterns of rate heterogeneity equally well. In many cases, however, differences in metabolic rate explain important exceptions to the generation time model. Correlation between metabolic rate and nucleotide substitution may be mediated by (i) the mutagenic effects of oxygen radicals that are abundant by-products of aerobic respiration, and (it) increased rates of DNA synthesis and nucleotide replacement in organisms with higher metabolic rates. Both of these factors increase mutation rate by decreasing the "nucleotide generation time," the average length of time before a nucleotide is copied either through replication or repair. Reconsideration of the generation time hypothesis to include physiological effects such as metabolic rate improves the theoretical underpinnings of molecular evolution.
reproduction, intrinsic rate of population increase, population size, and weight-specific metabolic rate (15) . Traditionally, these variables have been related to a single, easily measurable biological attribute: body size (15) . In the following, we show that when there are differences in rate of DNA substitution between taxa, high rates of DNA evolution often are associated with small body size.
Body size probably does not control the rate of DNA substitution directly but serves as a convenient guidepost for understanding the biological correlates of molecular rate heterogeneity. We attempt to illuminate the underlying causes of the body size effect by separating the influence on evolutionary rate of some of the attributes correlated with body size. We primarily focus on generation time and metabolic rate because the effects of both on mutation have a sound mechanistic basis, have been suggested to play important roles in determining rates of molecular evolution, and represent factors for which large comparative data bases exist (6, 11, 13, 14) . Finally, we present an explanation for the influence of metabolic rate on silent substitutions that shows how generation-time effects should theoretically be affected by metabolic rate in just the fashion that we observe.
Experimental Evidence for Body Size Effects
Understanding the factors that affect nucleotide substitution in DNA is central to evolutionary biology, population genetics, and mutation research. To explore such factors evolutionary rates are generally determined with reference to absolute or relative divergence time between taxa (1). Rates of evolution estimated in this way often differ among divergent taxonomic groups (2-10), and explanations for this rate variation represent important hypotheses about the factors that determine DNA evolution (11) (12) (13) (14) .
Many hypotheses have been proposed to account for differences in rates of DNA evolution, including DNA repair efficiency (3) , rate of cell division (5), generation time (5, 6), and weight-specific metabolic rate (14) . Often, very few data are available to support associations between molecular rate and cellular attributes. For example, DNA repair efficiencies or rates ofgerm-cell division are poorly known for many taxa, and direct tests of the relationships between these variables and DNA substitution rate have never been performed. Thus, it has been difficult to partition the observed variance in DNA substitution rates in biologically meaningful ways or to estimate the contribution made by cellular, physiological, or life history differences to variation in rates of molecular evolution.
The search for factors that influence molecular evolution is Fig. 2) shows the same general trend as in Fig. 1 (35) . These fossil and molecular data show that overall mtDNA divergence is between 0.4% and 1.0% per million years in whales.
For rodents, previously published divergence times between rat and mouse range from 5 to 30 million years (36) . This 6-fold difference in timing has meant the difference between conclusions of substitution rate constancy or variation (6, 36, 37) . Recent detailed studies provide strong evidence for a 10-to 12-million year divergence time between Rattus and Mus (38) and have established divergence times among species of Mus (25, 38, 39) . Use of these data suggests that the rodent rate is high (see also refs. 7, 9, 39-41).
The general inverse relationship between rate of DNA evolution and body size shows several intriguing exceptions. Geese have a slower substitution rate than predicted for their size (box 6 in Fig. 2 ). Whether this is true of all birds is currently unknown, but Kessler and Avise (42) suggested that birds have a slower rate of mtDNA evolution than mammals. In addition, rat appears to have a faster silent mtDNA substitution rate than mouse (Fig. 1B) , even though mice are less than half the size of rats.
Competing Explanations for Body Size Effects
Our results indicate that DNA substitutions accumulate at a slower rate in large animals than in small animals. In the past, similar results have been ascribed to generation time effects on rates of molecular evolution (5, 6, 16) . As a result, the generation time hypothesis has gained widespread acceptance among evolutionary biologists. Theoretically, an association between generation time and the accumulation of nucleotide substitutions is to be expected if most substitutions are the result of errors during replication and if most species have broadly similar numbers of cell divisions per generation. In essence, species with a short generation time will experience similar numbers of cell replications and the same degree of DNA substitution per generation as do long-generation time species but will accumulate a greater number of DNA changes per year (11) . This rationale does not necessarily apply to mutations under weak selection (11) . However, recent evidence from analysis of nucleotide substitution rates of mtDNA (12) (13) (14) and nuclear DNA (8, 10) challenges the exclusivity of the generation time hypothesis. In these cases, mammals, reptiles, and fish with relatively short generation times have unexpectedly slow rates of DNA evolution. Departure from the predictions of the generation time hypothesis provides the basis to investigate the role that other variables play in setting the pace of nucleotide substitution.
As noted above, the association between rates ofmolecular available. Regression analyses show that both are highly correlated with the silent rate. However, in a multiple regression of the silent rate versus generation time and metabolic rate, only the latter had a significant 13 coefficient (P = 0.009 for metabolic rate versus P = 0.349 for generation time). Although multiple regression can be a weak tool when variables are highly correlated, the analysis suggests that the apparent relationship of silent rate to generation time may be an artifact.
For the cytochrome b data in Fig. 1B , neither generation time nor metabolic rate shows a significant correlation with silent rate by either parametric or nonparametric tests. However, generation time and metabolic rate together yield a significant multiple regression analysis (R2 = 0.673, F = 6.187, P = 0.035), indicating that both factors may be playing important roles in a synergistic fashion.
In other cases, inspections of molecular rate data do not follow the predictions of the generation time hypothesis. For example, whales have a slow rate of nuclear DNA evolution relative to primates despite their shorter generation time (10 (12) failed to fmd an association between generation time and mtDNA substitution rate. Furthermore, the silent rate in shark mtDNAs is 5-7 times slower than in primates or ungulates despite broadly similar ranges of generation times for the three groups (14) . Similarly, mtDNA divergence rates of newts and frogs, whose generation times are on the order of 3-5 years (44) , are slower than those of primates (34) . Rates of mtDNA evolution are higher in honey bees than in Drosophila, even though generation times for honey bees are longer than Drosophila (45) .
Finally, the separation of mtDNA rates into two broad groups comprising the homeotherms and the poikilotherms (Fig. 2) is incompatible with a simple generation time hypothesis. We note that weight-specific metabolic rate is significantly lower for poikilotherms than homeotherms (46) and that Fig. 2 Although the generation time hypothesis has successfully explained some of the variation in molecular rates that have been observed, the above section documents instances in which its predictions fail to be met. Other factors in addition to generation time undoubtedly play important roles in molecular evolution. In particular, metabolic rate has been mechanistically related to the molecular process of mutation. In fact, many exceptions to the generation time hypothesis previously noted can be explained by differences in specific metabolic rate.
Rates of DNA damage are proportional to specific metabolic rate (46, 47) . This effect appears to be mediated by oxygen radicals, which are highly reactive molecules with free electrons that can damage DNA directly by attacking the sugar-phosphate backbone or the base (48) or indirectly via lipid peroxidates (49) . Because about 90% of oxygen in cells is consumed by mitochondria, oxidative damage is greatest to mtDNA (50) and probably partially explains why rates of nucleotide substitution are greater in mtDNA than in nuclear DNA (51) . However, oxidative damage to nuclear DNA is also extensive (50) , and active oxygen moieties can pass through membranes (52) .
These results predict that species with higher metabolic rates (and therefore higher rates of oxygen radical flux) should have higher DNA substitution rates if there is a relationship between DNA damage and mutation rate. Two mechanisms may account for this relationship. First, DNA subject to constant and high rates of oxidative damage (50) is repaired continuously (47, 48) , and mutations may occur by incorrect repair. Such mutations are especially likely when bases are oxidatively modified because such aberrant nucleotides frequently cause mispairing (53) .
For mtDNA, there is another possible way for metabolic rate to affect substitution rate. Unlike the nuclear genome, where DNA synthesis is almost exclusively associated with cell division and repair, mitochondrial genomes are degraded and replaced within cells at a high rate independent of cell division. Gross et al. (54) showed that rat mtDNAs had half-lives (i.e., the amount of time until half of the mtDNAs were replaced in vivo) that ranged from 6 to 31 days. Tissues with the most active aerobic metabolisms, such as heart muscle, tend to exhibit short half-lives. Gross et al. (54) attributed these observations to turnover of whole mitochondria in cells and suggested that turnover was higher in cells with higher aerobic metabolisms.
Higher turnover will lead to higher mutation rates as long as replication errors per nucleotide remain constant (Fig. 3) divergent taxonomic groups may account for departures from the general positive relationship between specific oxygen consumption and silent substitution rate. The lower substitution rate in geese than predicted (Fig. 2 ) may reflect the existence of more efficient oxygen metabolism and lower levels of prooxidant stress in birds than exist in mammals (56) . Similarly, absolute rates of oxygen radical production in rat liver mitochondria are greater than in mouse (55) . We noted earlier that substitution rates in rat were higher than those of mouse. These results suggest that differences in the efficiency of oxygen metabolism may play a role in setting the pace of molecular evolution.
A Generalized Substitution Model
Two sources of mutation to DNA, errors during replication and DNA damage from oxygen radicals, are interrelated: damage increases the rate of repair as well as increasing the error rate per replicated base (46, 47, 53 ). An increase in metabolic rate will increase turnover or repair of DNA and thereby increase replication errors via these two mechanisms (Fig. 3) .
These considerations focus attention on the concept of a "nucleotide generation," which can be defined as the amount of time needed for a given nucleotide position to be copied, either because of DNA replication or repair. Nucleotide positions that have short generation times are those that are replicated most often, due to either consistent repair or high turnover. We note that when many types of DNA damage are repaired, the damaged base plus the flanking sequences are excised and recopied (57) . Thus, repair-mediated replication is often not limited to the single damaged base but can affect regional nucleotide generation times as well. Nucleotide generation time will also be short in rapidly dividing cell lineages, such as those in the germ lines of species with short organismal generation times.
Thus species with higher metabolic rate may have high levels of repair and a larger number of nucleotide generations per organismal generation. This should lead to higher absolute substitution rate. Species with short organismal generation times may also have high substitution rates because of short nucleotide generations in rapidly proliferating germ lines. In both cases, the basic mechanism that leads to higher substitution rates is the same-higher rates of DNA replication yield higher rates of error. Because metabolic rate and the rate of germ-cell division increase in smaller species, the association of fast rates of molecular evolution with small body size should be particularly apparent.
Proc. Natl. Acad Sci. USA 90 (1993) '{*I Exceptions No single factor is likely to completely explain variation in rates of DNA evolution, and it comes as no surprise that not all previous empirical studies follow the predictions of the metabolic rate or the generation time hypotheses. Probably the most interesting finding has been that not all DNA sequences show identical rate heterogeneity in the same group of species (6). Among primates, for example, not all genes show a rate decrease along the human lineage (24) .
In addition, there is evidence that the silent rate for different genes in the same genome can be different. Wolfe et al. (58) showed higher substitution rates in genes with intermediate G+C contents at silent sites. This discovery suggests that differences in nucleotide composition among genes may account for substitution rate heterogeneity (however, see ref.
9).
Differences in the degree of rate heterogeneity between different genes among taxa and differences in the rate of substitution among genes within taxa suggest that any organism-wide physiological factor like metabolic rate or generation time is likely to have complex effects on DNA evolution. It is reasonable to assume that some regions of DNA are less susceptible to DNA damage than others because of secondary structure, presence of proteins complexed with DNA, or differences in nucleotide composition. Perhaps some parts of the genome have shorter nucleotide generation times due to differential repair.
Despite this complexity, physiological and life history differences often correlate with rates of DNA evolution. We have argued that metabolic rate and generation time effects might ultimately rely on a common molecular mechanism and that the heart of this mechanism is the concept of nucleotide generation time. Other factors may also be at work within complex genomes, and, in all probability, there is a hierarchy of mechanisms that impinge on DNA evolution. Future research should focus on multiple causes of rate heterogeneity.
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